Background: Necrotizing Enterocolitis (NEC) is a major source of neonatal morbidity and mortality. There is an ongoing need for a sensitive diagnostic instrument to discriminate NEC from neonatal sepsis. We hypothesized that magnetic nanopartile-based biosensor analysis of gut injury-associated biomarkers would provide such an instrument.
Introduction
Necrotizing enterocolitis (NEC) is one of the most common lifethreatening diseases of the newborn. NEC predominantly affects low birth weight infants in the first weeks of life with a reported frequency of between 1% and 5% of NICU admissions [1, 2] and mortality rates for infants with NEC ranging from 15% to 30%. The pathogenesis of NEC includes progressive inflammation of the gut involving enteric bacteria, the innate immune system, and a compromised intestinal epithelial barrier resulting in eventual necrosis in advanced cases.
Approximately one half of all infants with NEC have mild disease that will recover with medical therapy (medical NEC) [3, 4] . This mild form of the disease is very similar to neonatal sepsis. The remaining patients progress to intestinal gangrene with perforation and/or irreversible necrosis requiring emergency surgical intervention (surgical NEC) Several studies have demonstrated that surgical intervention for NEC is an independent risk factor for long-term growth abnormalities, adverse neurodevelopmental outcomes, and gastrointestinal morbidity including short bowel syndrome [3, 4] . Improvement in NEC outcomes will require the development of sensitive and specific diagnostic instruments to discriminate NEC from sepsis to enable further study of new medical and surgical therapies as they are developed [5] .
C-reactive protein (CRP) is an acute-phase protein whose levels rise in response to inflammation. In infants with inflammatory conditions including NEC, persistently elevated CRP is often used as an indication to both begin and continue medical therapy, often including antibiotics. It is however also widely recognized that CRP is a nonspecific indicator of neonatal sepsis [6] [7] [8] . There is a need for a novel set of NEC-specific biomarkers that can be analyzed in a multiplex format over a broad dynamic range of possible analyte concentrations. An additional improvement upon existing technology would be an assay with a detection limit that exceeds currently available immune-based detection platforms.
There have been numerous recent attempts to identify candidate markers of gut injury that discriminate NEC from other inflammatory conditions [4, [9] [10] [11] [12] [13] . Significant elevations in the measured plasma levels of Platelet Activating Factor (PAF) [14, 15] , inter-alpha inhibitor protein [16] , calprotectin, claudin [13] , intestinal fatty acid binding protein (iFABP) [17] , and C-reactive protein (CRP) [18] have all been associated with the onset of NEC. While several of these (calprotection and iFABP) have been described in other intestinal diseases, others are non-specific markers of inflammation (PAF and CRP). Importantly, other than CRP, none have been widely adopted in clinical practice. Importantly, most of these target analytes were measured in isolation, not in combination. Given the high biologic variability and heterogeneous nature of NEC, we reasoned that a multiplex analyte detection scheme would provide greater flexibility in a clinical setting.
The candidate diagnostic biomarkers, EpCAM and MMp7, were targeted based upon their known biologic significance and previous studies suggesting their possible association with NEC and other gut pathology. Matrix metalloproteinase 7 (MMp7) has been proposed to play a role in NEC associated tissue injury and inflammation due to its involvement in tissue remodeling and cell migration [19] . Epithelial cell adhesion molecule (EpCAM) is a transmembrane glycoprotein, which is expressed exclusively in epithelia, therefore, a potential tissue destruction biomarker. In addition, the upregulation of EpCAM expression on epithelial cells observed during inflammatory processes [20, 21] suggests a role of EpCAM in regeneration after tissue damage, i.e. cell proliferation and differentiation. Furthermore, in order to investigate the performance characteristics of the magneticnanoparticle (MNP) platform, the availability of reliable immunereagents for these analytes was an additional technical consideration in designing this pilot study.
Recent advances in biosensor technologies for in vitro diagnostics provide the potential to transform the practice of medicine. We previously described a MNP based multiplex protein detection platform able to detect a constellation of biomolecules in diverse clinical samples (for example, serum, urine, cell lysates or saliva) with high sensitivity (down to attomolar resolution) and large linear dynamic range (more than four decades) [22, 23] . The multianalyte ability, sensitivity, scalability, and ease of use of the MNP-based protein assay technology make it a strong candidate platform for versatile molecular diagnostics in both research and clinical settings. We postulated that the integration of our MNP technology with CRP, MMp-7, and EpCAM would provide a platform for the development of a diagnostic instrument for the gut specific pediatric disease NEC.
Methods

Ethics and sample collection
Informed consent was obtained from the parents of all enrolled subjects. This study was approved by the human subjects protection programs at each participating institution (Yale-New Haven Children's Hospital, Lucile Packard Children's Hospital at Stanford University, and the Children's Hospital of Philadelphia). Blood samples were collected and plasma was isolated by centrifuging the collected blood, and stored at -80°C prior to analysis. 
Magnetic protein chip surface preparation
The magnetic protein chip was fabricated by previously reported method [22, 23] . The chip surface was washed with acetone, methanol, and isopropanol. Subsequently, the surface was further cleaned by exposing to oxygen plasma (Harrick Plasma, PDC-32G) for 3 minutes. Then, the surface was immersed in a 1% aqueous solution of poly (allylamine hydrochloride) for 5 minutes, followed by rinsing with deionized water. The magnetic protein chip was baked at 120°C for 1 hour. After incubation in a 2% aqueous solution of poly(ethylene-altmaleic anhydride), the surface was washed again with deionized water and activated by adding a mixture of 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride and N-hydroxysuccinimide in deionized water. A robotic spotter (Scienion, sciFlexarrayer) was then used to deposit capture antibody solution on the magnetic protein chip surface. PBS solutions of anti-human CRP (0.5 mg/ml), anti-human MMp7 (0.5 mg/ml), and anti-human EpCAM (0.5 mg/ml) were deposited on at least 10 sensors on the magnetic protein chip for each solution. Also, 0.1% PBS solutions of BSA and biotin-BSA were placed over 10 sensors as negative and positive controls, respectively. Reference sensors for measurement of electrical background signals were covered with thick silicon oxide to isolate them from surface reactions. Finally, the prepared magnetic protein chip was stored in a humidity chamber at 4°C before use.
CRP assay protocol
After washing the magnetic protein chip surface with a washing buffer (0.1% BSA and 0.05% Tween 20 in PBS), the surface was blocked with 1% BSA for 1 hour to avoid unwanted adhesion of non-specific biomolecules. Then, the surface was washed again and immersed in a 10000× diluted plasma sample (diluted in dilution buffer, 0.1% BSA and 0.05% Tween 20 in PBS) for 2 hours. The sample solution was washed away using the washing buffer, and a biotinylated anti-human CRP antibody solution with a concentration of 5 µg/ml was added. Following 1 hour incubation with the biotinylated anti-human CRP antibody, the surface was washed again using the washing buffer before measuring CRP signals from the chip. Real-time signals were collected using a custom designed electric read-out system. Briefly, streptavidincoated magnetic nanoparticles (Miltenyi, streptavidin MicroBeads) were added to the prepared magnetic protein chip to induce an analyte concentration-dependent signal change. The observed signals were converted to corresponding concentrations using standard curves for each biomarker.
MMp7/EpCAM duplex-assay protocol
Similar procedures as those used in CRP assay were used for the duplex measurement of MMp7 and EpCAM, except that 2× diluted plasma samples and a mixture of biotinylated anti-human MMp7 antibody and biotinylated anti-human EpCAM antibody solutions (final concentration of 5 µg/ml for each antibody) were used.
Statistical data analysis
Patient demographic data was analyzed using the "Epidemiological calculator" (R epicalc package). Student's t test was performed to calculate p values for continuous variables, and Fisher exact test was used for comparative analysis of categorical variables. Hypothesis testing was performed using Student's t-test (two tailed) and Mann-Whitney U-test (two tailed). The biomarker panel score was defined as the ratio between the geometric means of the respective up-and down-regulated protein biomarkers, and was evaluated by ROC curve analysis [24, 25] . 500 testing data sets, generated by bootstrapping, from the biosensor data were used to derive estimates of standard errors and confidence intervals for our ROC analysis. The plotted ROC curve is the vertical average of the 500 bootstrapping runs, and the box and whisker plots show the vertical spread around the average.
Results
Demographics
In our cohort ( Table 1 , NEC n=10; sepsis n=5; control n=5), gender, race, gestational age and birth weight, length and head circumference related differences were analyzed between different subject groups. Statistical differences (p-value:<0.05) were observed in birth weight, birth length, and birth head circumference among the three groups. No statistical differences were observed in gender, race and gestation age.
Magnetic protein chip calibration of human CRP, MMp7, and EpCAM
We prepared standard curves to calibrate the magnetic protein chip measurements of CRP, MMp7, and EpCAM in plasma samples ( Figure  1 ). The standard curves were generated from measurements where each protein was spiked in various concentrations into PBS. The standard dilutions of plasma samples (10,000× for CRP and 2× for MMp7 and EpCAM, respectively) were chosen so that all measured signals were within the linear dynamic range of the standard curve for each protein.
We did not observe any cross-reactivity between the reagents used in this study, which was confirmed by the fact that experiments with several mixture combinations of different target proteins and different antibodies did not show any difference in their signals.
The CRP standard curve measured on the magnetic protein chips had a linear dynamic range of more than three orders of magnitude (0.6 ~3,000 pg/ml) with an R 2 value of 0.97 ( Figure 1A ). Our magnetic protein chip immunoassay had a detection limit for CRP (0.6 pg/ml) that was lower than currently available commercial ELISA kits (range, generally ~2 to ~15 pg/ml) or other multiplex assay platforms such as Luminex and Mesoscale (range, 1.4 to 2 pg/ml for Luminex and 100 pg/ml for Mesoscale). The upper limit of the linear dynamic range for CRP (3,000 pg/ml) was higher than that of ELISA (~1,000 pg/ml), was similar to that of Luminex (range, 2,000 to 8,000 pg/ml), but was lower than that of Mesoscale (400,000 pg/ml).
The magnetic protein chips showed an MMp7 standard curve covering about four orders of magnitude as its linear dynamic range (10 ~ 100,000 pg/ml) with an R 2 value of>0.99 ( Figure 1B) . The detection limit of MMp7 magnetic protein chip immunoassay was 20 pg/ml, which was lower than that of ELISA (range, generally ~30 to ~150 pg/ml), but was higher than that of Luminex (4 pg/ml). The upper limits of the linear dynamic range for MMp7 were similar for magnetic protein chips, ELISA, and Luminex (100 ng/ml for magnetic protein chips, ranges from 2 to 100 ng/ml for ELISA, and 60 ng/ml for Luminex). A Mesoscale kit for MMp7 was not available commercially at the time of this study. Figure 1C shows the standard curve for EpCAM measured on the magnetic protein chips. It has a linear dynamic range of more than three orders of magnitude (20 ~ 50,000 pg/ml) with an R 2 value of 0.96. The detection limit of EpCAM magnetic protein chip immunoassay (20 pg/ml) was lower than that of ELISA (range, generally ~20 to ~50 pg/ ml), but was comparable to that of Luminex (13.7 pg/ml). The upper limit of the linear dynamic range was highest for the magnetic protein chips (50,000 pg/ml) compared with ELISA (range, ~6,000 to ~12,000 pg/ml).
CRP, MMp7, and EpCAM concentrations in plasma of NEC, sepsis, and healthy control infants
Using the standard curves shown in Figure 1 , we tested the ability of our magnetic protein chip platform to detect the concentration differences of CRP, MMp7, and EpCAM in blood plasma collected from infants with NEC, infants with sepsis, and healthy infants. We performed the immunoassay using two magnetic protein chips per plasma sample, one for CRP assay, and the other for duplex assay of MMp7 and EpCAM.
As shown in Figure 2A , the concentrations of CRP were 4.6 ± 5.0 µg/ml (range, ~0 to 14.2) in the NEC, 0.5 ± 1.0 µg/ml (range, ~0 to 2.2) in the sepsis, and 0.1 ± 0.2 µg/ml (range, ~0 to 0.4) in the healthy control samples. Although the average concentration of CRP was much higher in the NEC samples than in the sepsis or healthy control samples, there were five and three NEC samples whose CRP concentrations were within the CRP concentration range of the sepsis and healthy control samples, respectively. The concentrations of MMp7 ( Figure  2B that of the sepsis or healthy control samples, and the concentration range of the NEC samples was relatively well separated from those of the sepsis and healthy control samples. The concentrations of EpCAM ( Figure 2C ) were 1.3 ± 1.6 ng/ml (range, ~0.1 to 4.7), 0.3 ± 0.2 ng/ml (range, ~0.1 to 0.6), and 0.5 ± 0.5 ng/ml (range, ~0.1 to 1.3) in the NEC, sepsis, and healthy control samples, respectively. The higher average concentration of EpCAM observed for the NEC samples was mainly due to two samples which showed about 7-fold higher concentrations than the remainder of the NEC samples. The concentration of EpCAM in the NEC samples after excluding those two samples was 0.6 ± 0.4 ng/ml (range ~0.1 to 1.1), which is similar to those of sepsis or healthy control samples. Table 2 lists the p values calculated using Mann-Whitney U test. The CRP concentrations in the NEC samples were significantly different from those of the sepsis or healthy control samples (p<0.05).
However, CRP concentration difference between sepsis and healthy control samples was not significant (p=1.0000). MMp7 also showed a significant concentration difference between NEC samples and sepsis samples, and between NEC samples and healthy control samples (p<0.05). Again, however, MMp7 concentration difference between sepsis and healthy control samples was not significant (p=0.4647). EpCAM did not show significant concentration difference (p value>0.05) among the sample groups.
A panel of MMp7 and EpCAM to discriminate NEC and sepsis
Using MNP biosensor data, we constructed a panel of MMp7 and EpCAM, and the ratio of the two analytes was tested in assessing NEC and sepsis ( Figure 2D ). The MMp7/EpCAM ratio's NEC and sepsis discriminant utility was demonstrated in this study (NEC vs. control, ROC AUC 0.963; NEC vs. sepsis, ROC AUC 1.00). Other possible panel constructions, including CRP/EpCAM raito ( Supplementary  Figure 1 , NEC vs. control, ROC AUC 0.882; NEC vs. sepsis, ROC AUC 0.901) or combining CRP, MMp7 and EpCAM (Supplementary Figure  2 , NEC vs. control, ROC AUC 0.956; NEC vs. sepsis, ROC AUC 0.975), were also evaluated. However, MMp7/EpCAM ratio was demonstrated to be the best panel in regard to the discrimination of NEC, sepsis and control subjects (Figure 3 ).
Discussion
The clinical presentation of NEC is very similar to that of neonatal sepsis and there are no reliable diagnostic instruments to aid in discriminating these conditions. Clinicians have therefore utilized combinations of non-specific clinical and laboratory indicators to guide patient management. NEC is ultimately diagnosed through a combination of clinical, radiographic, and laboratory findings that in aggregate define the original diagnostic Bell's criteria. This study tested the hypothesis that gut injury and remodeling associated proteins (CRP, MMp7, and EpCAM) could be multiplexed on an ultrasensitive and matrix insensitive biosensor platform to aid in the diagnosis of NEC. ROC curve analysis demonstrated that the MMp7/EpCAM ratio maintains robust performance characteristics. This is encouraging and further suggests an additional advantage of this type of ultrasensitive biosensor platform, which has the capacity to stratify low concentration biomarkers for categorical diagnostic discrimination and may allow early disease state detection.
We recognize several limitations to this proof of concept study. The small sample size limits our ability to validate statistically significant associations, but the overall sensitivity of the biosensor platform is encouraging for future clinical utility. To gauge the diagnostic performance of our nano-biosensor, we performed a simulation analysis with 500 bootstrapping runs and subsequent ROC analyses. Bootstrapping can be a very useful tool in statistics. However, we should proceed with caution when interpreting the promising results from this exploratory analysis with a small sample size. Power analysis should be applied to guide the assembly of the future sample cohort to validate our pilot study results with sufficient power.
A second limitation of our study was the lack of longitudinal sampling of subjects with suspected NEC and sepsis. Given that our biosensor platform is ultrasensitive, the biosensor may be able to assess impending NEC and sepsis in a sub-clinical stage. In addition, serial sampling would also provide greater understanding of the variability of the measured analytes relative to disease onset and progression. While a large proportion of the controls were referred to our neonatal intensive care unit for evaluation of possible NEC and sepsis, this was not uniformly true as some controls likely had a low pre-test probability of NEC or sepsis. Since the pre-test probability is an important consideration in evaluating the performance of a diagnostic test, collection of this information will be critical in the next testing phase of our biosensor diagnostic test.
In this study, all babies with NEC had the pathognomonic abdominal radiographic finding of pneumatosis intestinale, and all babies with sepsis had culture positive findings. Among our sepsis patients we observed the absence of uniform serum CRP elevation, a finding consistent with the heterogeneity of sepsis and the variability of correlative elevations in CRP [6] [7] [8] .
In addition to larger prospective validation of the results reported here, we intended to construct a model that integrated the biosensor quantifications with clinical, radiographic, and laboratory findings to prospectively identify infants with NEC. We anticipate that a larger prospective trial of the MMp7/EpCAM biosensor algorithm with integrated analysis of readily available existing clinical parameters will lead to a robust instrument that can be run routinely in the hospital setting for neonatal care of sepsis and NEC. It is our hope that the future integration of diagnostic biosensor platforms into clinical practice will facilitate iterative patient sample testing to guide treatment strategies throughout the course of disease progression and recovery. 
